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SET frames aligned at start of FET frames.

Figure 5(a)

SET frames aligned at end of FET frames.

Figure 5(b)



Patent Application Publication Mar. §, 2015 Sheet 4 of 7 US 2015/0062387 A1

Multiple SET frames combined with each FEY frame to generate
multiple, corresponding video frames from a single FEY frame.
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Multiple SET frames combined firstly with an FET frame;
then with sequential output video frames to obtain 3 plurality
of output video frames from a single originaly FEY frame.
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TONE MAPPING FOR LOW-LIGHT VIDEO
FRAME ENHANCEMENT

BENEFIT CLAIM

[0001] This application claims the benefit under 35 U.S.C.
§120 as a continuation of application Ser. No. 14/012,806,
filed Aug. 28, 2013, which claims benefits under 35 U.S.C.
§121 as a divisional application of Ser. No. 12/941,983, filed
Nov.8,2010,issued as U.S. Pat. No. 8,698,924 B2 on Apr. 15,
2014; which claims benefits as a continuation-in-part of
application Ser. No. 12/485,316, filed Jun. 16, 2009, issued as
U.S. Pat. No. 8,199,222 on Jun. 12, 2012, the entire contents
of which are hereby incorporated by reference for all pur-
poses as if fully set forth herein. The applicants hereby
rescind any disclaimer of claim scope in the parent applica-
tions or the prosecution history thereof and advise the USPTO
that the claims in this application may be broader than any
claim in the parent applications.

BACKGROUND THE INVENTION

[0002] 1. Field of the Invention

[0003] Thepresent invention relates to an image processing
method and apparatus, and specifically to low-light video
frame enhancement.

[0004] 2. Description of the Related Art

[0005] Sensor arrays for digital cameras exist for capturing
color photos. Sensors known as RGBW sensors are used for
capturing red, green, and blue colors, and for capturing lumi-
nance information for multiple pixels of an array of pixels.
The red, green and blue pixels include filters such that only
certain narrow ranges of wavelengths of incident light are
counted. The white pixels capture light of red, green and blue
wavelengths, i.e., of a broader range of wavelengths than any
of the blue, green and red pixels. Thus, the white pixels are
typically brighter than any of the blue, red and green pixel if
they are exposed for the same duration. Noise removal algo-
rithms can tend to blur face regions in an undesirable manner.
Noise removal algorithms are described at U.S. patent appli-
cation Ser. Nos. 11/856,721 and 11/861,257, which are
hereby incorporated by reference, as are U.S. Ser. Nos.
10/985,650, 11/573,713, 11/421,027, 11/673,560, 11/319,
766, 11/744,020, 11/753,098, 11/752,925, and 12/137,113,
which are assigned to the same assignee as the present appli-
cation and are hereby incorporated by reference.

[0006] Kodak has developed a RGBW color filter pattern
differing from the previously known Bayer Color Filter. The
RGBW pattern of Kodak is referred to as a Color Filter Array
(CFA) 2.0. One half of cells in a RGBW pattern are panchro-
matic, i.e. sensing all of the color spectrum (Y component)—
usually called white cells. This way more light energy is
accumulated in the same amount of time than for color pixels.
A Bayer filter uses only %5 (~0.33) of color spectrum energy.
An RGBW filter uses % (~0.67) of the energy, where 12
comes from white cells and %% from RGB cells.

[0007] CFA Array looks something like the following:
[0008] WBWG...
[0009] BWGW ...
[0010] WGWR...
[0011] RWRW...
[0012] In this context, the following are incorporated by

reference: U.S. Pat. Nos. 7,195,848, 7,180,238, 7,160,573,
7,019,331, 6,863,368, 6,607,873, 6,602,656, 6,599,668,
6,555,278, 6,387,577, 6,365,304, 6,330,029, 6,326,108,
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6,297,071, 6,114,075, 5,981,112, 5,889,554, 5,889,277,
5,756,240, 5,756,239, 5,747,199, 5,686,383, 5,599,766,
5,510,215, 5,374,956, and 5,251,019.

[0013] Two source images nominally of the same scene
may be used to produce a single target image of better quality
or higher resolution than either of the source images.

[0014] In super-resolution, multiple differently exposed
lower resolution images can be combined to produce a single
high resolution image of a scene, for example, as disclosed in
“High-Resolution Image Reconstruction from Multiple Dit-
ferently Exposed Images”, Gunturk et al., IEEE Signal Pro-
cessing Letters, Vol. 13, No. 4, April 2006; or “Optimizing
and Learning for Super-resolution”, Lyndsey Pickup et al,
BMVC 2006, 4-7 Sep. 2006, Edinburgh, UK, which are
hereby incorporated by reference. However, in super-resolu-
tion, blurring of the individual source images either because
of' camera or subject motion are usually not of concern before
the combination of the source images.

[0015] U.S. Pat. No. 7,072,525, incorporated by reference,
discloses adaptive filtering of a target version of an image that
has been produced by processing an original version of the
image to mitigate the effects of processing including adaptive
gain noise, up-sampling artifacts or compression artifacts.

[0016] US published applications 2006/0098890, 2007/
0058073, 2006/0098237, 2006/0098891, European patent
EP1779322B1, and PCT Application No. PCT/EP2005/
011011 (WO2006/050782), which are each hereby incorpo-
rated by reference, describe uses of information from one or
more presumed-sharp, short exposure time (SET) preview
images to calculate a motion function for a fully exposed
higher resolution main image to assist in the de-blurring of the
main image.

[0017] Indeed many other documents, including US 2006/
0187308, Suk Hwan Lim et al.; and “Image Deblurring with
Blurred/Noisy Image Pairs”, Lu Yuan et al, SIGGRAPHO07,
Aug. 5-9, 2007, San Diego, Calif., which are incorporated by
reference, are directed towards attempting to calculate a blur
function in the main image using a second reference image
before de-blurring the main image.

[0018] Other approaches, such as may be disclosed in
US2006/0017837, which is incorporated by reference,
involve selecting information from two or more images, hav-
ing varying exposure times, to reconstruct a target image
where image information is selected from zones with high
image details in SET images and from zones with low image
details in longer exposure time images.

[0019] Nowadays, even though image processing tech-
niques have evolved, still low-light scenes tend to lead to very
dark frames in videos. By these means the visual quality is
low. For example, movies taken in low-light conditions (e.g.
30 lux illumination), at 30 fps, generally result in very dark,
underexposed frames that have a very low contrast, so objects
are not distinguishable. Tone mapping (amplification) algo-
rithms may be applied to improve such images. Although
these may provide a better exposed image, there are difficul-
ties in restoring the natural colors of the scene. For example,
simple summation or forcing higher exposure tends to lead to
frames degraded by motion blur.

[0020] United States published patent application no. 2009/
0303343, which belongs to the same assignee and is incorpo-
rated by reference, describes background techniques gener-
ally involving two different images acquired either at
different moments of time or by two different sensors. It is
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desired to have a new technique that utilizes images having
identical or substantially similar content, and such is provided
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be
provided by the Office upon request and payment of the
necessary fee.

[0022] FIG. 1 schematically illustrates conventional video
frame acquisition.

[0023] FIG. 2 schematically illustrates video frame
enhancement using luminance and/or color data from a well-
exposed image, and applying the data to a relatively less
exposed, sharper image in accordance with a first embodi-
ment.

[0024] Frame 3 schematically illustrates video frame
enhancement using luminance and/or color data from a well-
exposed image, and applying the data to a relatively less
exposed, sharper image in accordance with a second embodi-
ment.

[0025] FIG. 4 schematically illustrates video frame
enhancement using luminance and/or color data from a well-
exposed image, and applying the data to a relatively less
exposed, sharper image in accordance with a third embodi-
ment.

[0026] FIGS. 5a-5d schematically illustrate video frame
enhancement using luminance and/or color data from a well-
exposed image, and applying the data to a relatively less
exposed, sharper image in accordance with a fourth embodi-
ment which involves at least two image acquisition sub-sys-
tems, so that the well exposed image is captured with a first
sub-system while the sharper image is captured with a second
sub-system.

[0027] FIG. 6 schematically illustrates video and/or still
frame enhancement in accordance with certain embodiments.
[0028] FIGS. 7a-7d illustrate enhancement of a low-light
image in accordance with certain embodiments.

DETAILED DESCRIPTIONS OF THE
EMBODIMENTS

[0029] A method of generating sharp, well-exposed, color
images from low-light images is provided. A series of under-
exposed images is acquired. A mean image (Hmean) is com-
puted based on the series of under-exposed images. A sum
image (Gsum) is generated also based on the series of under-
exposed images. Chrominance variables of pixels of the mean
image are mapped to chrominance variables of pixels of the
sum image. Chrominance values of pixels within the series of
under-exposed images are replaced with chrominance values
of'the sum image. A set of sharp, well-exposed, color images
is generated based on the series of under-exposed images with
replaced chrominance values.

[0030] The acquiring of the series of under-exposed images
may include capturing raw images and generating processed
RGB images based on the raw images.

[0031] The computing of the mean image may include
applying a tone-mapping transformation to the series of
under-exposed images. The tone-mapping transformation
may include a logarithmic transformation.

[0032] Themean and/or sum images may be transformed to
YUYV space prior to mapping and replacing the chrominance
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values. The under-exposed images may be transformed with
replaced chrominance values back to RGB space.

[0033] The set of sharp, well-exposed, color images may
include multiple video images and/or one or more still
images.

[0034] An image processing method in accordance with
certain further embodiments is also provided. A first under-
exposed and sharp image of a scene is obtained. A second
image relatively well exposed and blurred compared to said
firstimage, nominally of'the same scene, is also obtained. The
first and second images may be derived from respective image
sources, or from a same source, and/or may be based on or
derived from same or different sets of images taken from a
same sequence of acquired RAW images. The second image
is acquired at a different resolution and a different exposure
time than the first image. The method involves scanning
across the first and second images. A portion of the first image
is provided as an input signal to an adaptive filter. A corre-
sponding portion of the second image is provided as a desired
signal to the adaptive filter. Filter coefficients are calculated
for the portion of the images at a given scanning location
based on a combination of the input signal, the desired signal
and existing filter coefficients for the scanning location. The
method further includes adaptively filtering the input signal
based on the filter coefficients to produce an output signal and
constructing a first filtered image from the output signal, less
blurred than the second image.

[0035] The first and second images may be in RGB format.
The image portions may include a respective color plane of
the first and second images. The method may include con-
structing each color plane of the first filtered image from a
combination of the filter coefficients and the input signal
color plane information.

[0036] The first and second images may be in YCC format.
The image portions may include a respective Y plane of the
first and second images. The constructing of the first filtered
image may include using the output signal as aY plane of the
first filtered image and using Cb and Cr planes of the input
image as the Cb and Cr planes of the first filtered image.
[0037] The method may further include providing a portion
of said first filtered image as the input signal to an adaptive
filter; providing a corresponding portion of the second image
as a desired signal to the adaptive filter; further adaptively
filtering the input signal to produce a further output signal;
and constructing a further filtered image from the further
output signal less blurred than the first filtered image.
[0038] The first and second images may be in RGB format
and, for producing the first filtered image, the image portions
may include a respective color plane of the first and second
images. The providing a portion of the first filtered image may
involve converting the first filtered image to YCC format. The
method may include converting the second image to YCC
format. The image portions for further adaptive filtering may
include a respective Y plane of the converted images.

[0039] The first and second images may be in YCC format
and, for producing the first filtered image, the image portions
may include a respective Y plane of the first and second
images. The providing a portion of the first filtered image may
involve converting the first filtered image to RGB format. The
method may include converting the second image to RGB
format. The image portions for further adaptive filtering may
include a respective color plane of the converted images.
[0040] The image source for the second image may be of a
relatively higher resolution than the image source for the first
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image. The method may include, prior to adaptive filtering,
estimating a point spread function, PSF, for the second image.
Responsive to the PSF being less than a pre-determined
threshold, the method may also include de-blurring the sec-
ond image using the point spread function.

[0041] The image source for the second image may be of a
relatively lower resolution than the image source for the first
image. The method may include aligning and interpolating
the second source to match the alignment and resolution of
the first source. Responsive to the first and second sources
being misaligned by more than a predetermined threshold, the
method may include providing the desired signal from a
linear combination of the first and second image sources, or
providing the desired signal from a combination of phase
values from one of the first and second image sources and
amplitude values for the other of the first and second image
sources.

[0042] The adaptive filtering may be performed row-wise
or column-wise on the input signal. Further adaptive filtering
may be performed the other of row-wise or column wise on
the input signal.

[0043] The method may include amplifying the luminance
characteristics of the under exposed image prior to the adap-
tive filtering.

[0044] The first image may be one of an image acquired
soon before or after the second image.

[0045] A digital video acquisition system is also provided,
including a lens, an image sensor for capturing a stream of
multiple digital, video or still, images, a processor and a
memory having processor-readable code embedded therein
for programming the processor to perform any of the methods
described above or below herein.

[0046] One or more processor-readable media is/are also
provided which have processor-readable code embedded
therein for programming one or more processors to perform
any of the methods described above or below herein.

[0047] Several embodiments are described herein that use a
pair of images to enhance one of them. Alternative embodi-
ments may be obtained by combining features of two or more
of these embodiments, or by combining features of one or
more of the embodiments with features described in the back-
ground or in any of the references cited there or hereinbelow.
In certain embodiments, one of the pair of images is the target
image (which is sharp but under exposed and noisy), and
another image is the reference image (which is well-exposed
but blurred, e.g., motion blurred). In specific embodiments,
the use of the method is dedicated to improving the quality of
video-frames, or sequences of still images, acquired in scenes
with low light. For ensuring animation (motion, fluency), the
frame-rate in a video is generally over a predetermined
threshold (e.g., 12 frames/sec). This imposes a maximum
exposure time for each frame. In low light conditions, this
exposure time is not-sufficient for offering good visual qual-
ity. Several embodiments are provided herein as solutions to
overcome this problem. Several methods of improving video
capture in low-light are provided by applying techniques to a
continuous sequence of images. Three embodiments gener-
ally incorporate modified image processing within a conven-
tional video camera or any later generation camera, while a
fourth embodiment involves a video camera that incorporates
two distinct image acquisition subsystems.
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Image+Video

[0048] FIG. 1 schematically illustrates a conventional
frame acquisition process. According to the illustration of
FIG. 1, multiple video frames 110 are sequentially acquired
each with a same exposure duration.

[0049] FIG. 2 schematically illustrates use of frames with
different exposure durations. A well-exposed frame 210 is
acquired at a beginning of a video acquisition. From this
well-exposed image 210, one may extract brightness and/or
color information that are used to enhance the next frame 220.
The next frame 220 is exposed using an exposure determined
from a maximum frame-rate. The frame 220 is enhanced with
brightness and/or color information extracted from the well
exposed frame 210.

[0050] The frame 220 may be displayed (included in the
video) and may be used for determining or generating another
reference image 230 that may itself be used to enhance the
next acquired frame 240 (frame 2). The reference frame 230
may be generated as a combination of the first acquired frame
210 and the second acquired frame 220.

[0051] The next acquired frame 240 is enhanced with
brightness and/or color information extracted from the gen-
erated well exposed frame 230. The frame 240 may be dis-
played (included in the video) and may be used for determin-
ing or generating another reference image 250 that may itself
be used to enhance the next acquired frame 260. The refer-
ence frame 250 may be generated as a combination of the
generated frame 230 and the third acquired frame 240. The
frame 260 may be displayed (included in the video) and the
process may be repeated over a complete vide sequence.
[0052] The acquisition of the well exposed image may be
repeated at certain times. A digital camera may be used that
has an auto-exposure algorithm that runs in the video mode.
The best exposure time for a frame may be estimated in-
camera. The camera may be configured such that a well
exposed image may be acquired only when the auto-exposure
demands a period larger than the one imposed by the maxi-
mum frame rate.

[0053] If the entire video is acquired in low light then the
amount of time when it is needed to repeat the image acqui-
sition may depend on camera movement. This may be esti-
mated by registration techniques. An example method may be
performed by a processor as follows:

[0054] 1. Test for Low-Light Case: the auto-exposure
determined time is approximately equal to the maximum
frame rate. The test should run continuously no matter
which is the current case.

[0055] 2. When the conditions are such that it is not a
Low-Light Case, then normal acquisition may be per-
formed with record of any well exposed image.

[0056] 3. When the conditions are such that it is a Low-
Light Case, then:

[0057] a.Acquire awell exposed image and iteratively
run the enhancing method for each video frame;

[0058] b. Estimate the camera movement by perform-
ing registration on the recorded frames. If the motion
is larger than a threshold (the image content has sig-
nificantly changed, e.g., 30% from the last well
exposed image), then acquire a new well-exposed
image; and

[0059] c. If a certain number of video frames (e.g.,
M=5, 10, 20, 30, 40, 50, 60, 75, or 100 or more) has
been recorded from the last well-exposed image, then
acquire a new well exposed image.
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Video Frame Pairs with Modified Exposure Time

[0060] FIG. 3 schematically illustrates use of video frame
pairs with modified exposure times. In an example embodi-
ment, we will consider only a video. The exposure times of
the frames are modified from the example of FIG. 1 to provide
a better response to a low-light scene. Traditionally, the expo-
sure times of all the frames are equal (with t,) as illustrated at
FIG. 1. In the example of FIG. 3, the images may be grouped
in pairs 210, 220, wherein the exposure time of a pair is 2t,,
just as are two frames 110 in FIG. 1. FIG. 3 differs from FIG.
1, however, because for a pair in FIG. 3, there is an under-
exposed frame 310 (with exposure time kt,, k<1) and an
“over-exposed” image 320 (with exposure time of (2-k)t,).
The “over-exposed” frames 320 are used for a better detection
of'the appropriate luminance level and of the color gamut, and
therefore to enhance the under-exposed frames 310.

[0061] Choosing k: The enhancement method has a limita-
tion. There is a maximum difference between the exposures
of the two images (well exposed 320 and under-exposed
frame 310), when the method works optimally. If the expo-
sure difference is larger than this limit, the under-exposed
image 310 will have more noise than is typically tolerated in
auseful signal. The kis preferably chosen as small as possible
(to expose as well as possible the “well-exposed image™ 320),
but its value is preferably kept in the mentioned method
limits. Also, the exposure time of the well-exposed image
320, (2-k)t,, is preferably not larger than the value chosen by
the auto-exposure (which may be used as a global reference).

Video Frame Triplets with a Single Well Exposed
Image

[0062] FIG. 4 schematically illustrates a further embodi-
ment which uses video frame triplets including one (or more)
well-exposed image(s) 420 each with two or more under-
exposed frames 410, 412. This embodiment provides a natu-
ral extension of the previous one described above with refer-
enceto FIG. 3, because the enhancement method illustrated at
FIG. 3 does not require an order of the two images 310, 320.
Therefore, the luminance and/or color information from the
well exposed image 420 may be used to enhance the previous
frame 410, as well as in the next frame 412. In such a scheme,
as illustrated at FIG. 4, the maximum exposure may reach
higher values, and the overall frame rate may be better from
the point of view of the edges. In principle, each well-exposed
image 420 may be used to enhance still further combinations
ofunder-exposed images, e.g., two before and/or two after, or
one before and two after, or one after and two before, or three
before and/or after, etc.

Dual Frame Acquisition Pipeline

[0063] FIGS. 5a-5d schematically illustrate dual frame
acquisition pipeline embodiments. FIGS. 5a-5d4 schemati-
cally illustrate video frame enhancement involving use of
luminance and/or color data from a well-exposed image, and
applying the data to one or more relatively less exposed,
sharper image(s). FIGS. 5a-5d illustrate four alternative
examples that are each in accordance with a fourth embodi-
ment which involves at least two image acquisition sub-sys-
tems, where the time parameter is understood to go from left
to right in FIGS. 5a-5d from earlier to later. In general, a well
exposed image is captured with a first image acquisition
sub-system that is optimized for longer exposure, while a
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relatively less exposed and sharper image is captured with a
second sub-system that is particularly optimized for sharp-
ness.

[0064] FIG. 5a illustrates short-exposure time (SET)
frames 502 which are sharp, but underexposed. These frames
502 are aligned with the start of the full exposure time (FET)
frames 504 with normal exposure, full color, but blurred.
These frames 502, 504 are combined to generate enhanced
video frames 508. FIG. 5b shows the case where the SET
frames 502 are acquired towards the end of the FET frames
504. This illustrates that SET frames 502 can be acquired any
time during the FET frame 504 in this embodiment.

[0065] FIGS. 5a-5b illustrates an embodiment wherein the
elements 502 indicate video frames 502 that are acquired with
shorter exposure times than element 504. This can be under-
stood from the narrower extent of the frames 502 in the time
dimension than the frames 504. The frames 504 are exposed
fortwo to ten times as long (or longer, or just under 2x in some
embodiments) compared with the frames 502, while in FIGS.
5a-5d the frames 504 are about 5x wider than the frames 502
indicating an exposure time of about 5x longer than for
frames 504. The image combining unit (ICU) 506 combines
luminance and/or color information from the frames 504 to
enhance the frames 502. The combinations are images 508.
[0066] In FIG. 5a, each image 502 is acquired beginning
about the same time as a corresponding image 504, even
though the exposure of image 502 is ended longer before the
exposure of image 504 is ended. In FIG. 55, each image 502
is acquired in the last moment of acquisition of a correspond-
ing frame 504, i.e., the exposures of the two IAS’s are ended
atabout the same time even though the exposure of frame 504
was begun far sooner than that of image 502. Another
embodiment would have the exposure of image 504 begin
before the beginning of the exposure of image 502, and the
exposure of image 502 is ended before the exposure of image
504 is ended, i.e., the frame 502 is acquired in the somewhere
in the middle of the exposure of frame 504.

[0067] FIG. 5c¢ illustrates a case of multiple SET frames
512 acquired within an exposure duration of a single FET
frame 514. Each SET frame 512 can act as a “sharpening
reference” for the FET frame 514 enabling multiple enhanced
video frames to be resolved. This is advantageous for
example in very low light, where it might take as long as 0.5
seconds for a sensor to achieve a full exposure. Using mul-
tiple SETs 512 within that 0.5 seconds permits a reasonable
frame rate of 10-15 fps to be achieved with enhanced output
frames in terms of sharpness, color and/or luminance.
[0068] FIG. 5¢ schematically illustrates a further embodi-
ment where multiple, e.g., three, short exposure time (SET)
frames 512 are acquired while a single longer exposure time
frame (FET) 514 is acquired. In another example, five short
exposure time frames 512 are acquired while a single longer
exposure time frame 524 is acquired. In another example,
seven short exposure time frames 512 are acquired while a
single longer exposure time frame 534 is acquired. Alterna-
tively, the shorter exposure time frames could be varied as
well. In the first example of three SETs per FET, the ICU 516
combines the color and/or luminance information from frame
514 with each of the three frames 512 that were acquired
during the exposure duration of the frame 514. The results are
the three output images 518.

[0069] InFIG. 5c¢, the second (and subsequent) SET frames
512 could be combined with the first output video frame 518
rather than with the main FET frame 514 in the same way as
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an embodiment of the single acquisition channel aspect.
Thus, in the example of FIG. 54, the SETs and FETs may be
similar to those described with reference to FIG. 5¢. In this
example, the color and/or luminance information initially
extracted from frame 524 is applied to 522 at ICU 526 to get
a first processed frame 528. In this example, color and/or
luminance information is extracted from that first processed
frame 528 and combined at ICU 526 with one or more sub-
sequent shorter exposure frames 522 to get one or more
subsequent processed frames 528. This example is particu-
larly applicable also to the single IAS embodiment except
without having temporal overlap.

[0070] Inthis fourth embodiment, a video camera incorpo-
rates two distinct image acquisition subsystems (IAS). In
certain embodiments, each of the two IAS’s includes at least
an image sensor & (digital) post-processing components.
[0071] The first IAS may have an image sensor configured
to acquire images at a higher frame rate and with optimal
image sharpness. The frame rate for this first sensor may
optionally be fixed and it may optionally incorporate an
image buffer to temporarily store a plurality of these sharp
images.

[0072] The second image acquisition subsystem may be
configured to capture an optimally exposed image. As such, it
should have a variable frame rate to allow for correct image
exposure, even in low lighting conditions.

[0073] A timing or clocking unit may be used to maintain
temporal synchronization between the two IAS’s and to
ensure that images in the fast IAS image buffer can be cor-
rectly matched to images obtained from the optimally
exposed IAS. This timing function may be implemented
either as a hardware unit, or as part of the firmware of a main
CPU or DSP.

[0074] An additional image combining unit (ICU) selects
one (or more) images from the fast IAS bufter and a corre-
sponding image from the optimally exposed IAS bufter. The
ICU may perform various operations such as those described
at U.S. Ser. Nos. 12/330,719 and/or 11/856,721, which are
incorporated by reference. The ICU may also be used with
any of the first, second or third embodiments described above
with references to FIGS. 2-4. The ICU generates a sequence
of output images which combine the one or more sharper,
underexposed images from the fast IAS buffer with the single
optimally exposed image obtained from the optimally
exposed [AS.

[0075] The system of the fourth embodiment may acquire
images of both the fast IAS and the optimally exposed IAS
with a same lens as optical input. That input is then split first
and second image sensors. Alternatively, images may be
acquired separate lens/sensor combinations. Such multiple
lens subsystem may include 2, 3, 4 or more lenses. For
example, U.S. Pat. No. 7,453,510, which is incorporated by
reference, describes a multi-lens subsystem having particular
embodiments with four lenses.

[0076] Parallax correction may also be provided, as has
been provided in the past in “twin reflex” cameras. When the
imaging device incorporates a sensor for measuring distance-
to-subject, the resulting measure to the principle subject of
the image may be employed to further enhance the parallax
correction, and/or to determine if such correction is needed.
When the imaging device incorporates a face detector and/or
a face tracking unit, information regarding the size(s) of face
(s) detected in the image may be used to further enhance the
parallax correction, and/or to determine if such correction is
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needed. In general, when a subject is beyond a certain dis-
tance or “critical distance” (infinite focal length), e.g., three
or four meters in common cameras, then parallax correction
loses its advantage.

[0077] Techniques described in US published application
2007/0296833 and/or U.S. Ser. No. 12/116,140, which are
incorporated by reference, may be combined with features
described herein, particularly to improve the acquisition, or
pre-processing of the input images to the ICU, and/or to
selectively enhance the output images from this unit.

[0078] Output images may be subsequently compressed to
form an MPEG video sequence. US published application
2007/0025714 is incorporated by reference. In addition, the
techniques described herein may be applied to a still image
camera, whereas the sequence of images may be preview,
post-view and/or in-whole or in-part contemporaneously
acquired images that are generally captured to enhance cap-
ture conditions and/or post-processing of a main still image.
[0079] In a variant of the dual IAS embodiment, both IAS
subsystems may share a common image sensor which
employs a modified architecture. This embodiment does not
have separate optical acquisition subsystems and associated
parallax correction which would be involved in capturing
close-up or portrait images.

[0080] Inthis variant embodiment, an image sensor may be
partitioned such that every second row of sensor pixels is tied
to a separate clock circuit. Thus, the acquisition time of the
odd-numbered rows of the image sensor can be controlled
independently of the even-numbered rows. Similarly the data
outputs (pixel values) of these even and odd rows can be
loaded onto independent data buses. Thus, by setting different
acquisition times for the odd and even rows of sensor pixels,
closely overlapping underexposed and normally exposed
images may be advantageously acquired. Due to the close
proximity of the odd and even pixel rows, there is a small,
regular half-pixel offset in either horizontal or vertical orien-
tation which can be compensated for, and as both underex-
posed and normally exposed images are acquired via that
same optics subsystem, there is no parallax correction
involved. As in other embodiments, the two independently
acquired images may be combined using a single pass adap-
tive filter.

Bayer Pattern Partitioning of the Sensor

[0081] Inanother embodiment pairs of rows are linked for
each of the different exposure times. Thus, an entire RGB
Bayer set corresponding to a single RGB pixel will have the
same exposure timei.e., rows n+1, n+2 have a short exposure,
while rows n+3, n+4 have a normal (less sharp or relatively
more blurred) exposure.
[0082] Considering the exposure time of the underexposed
rows is T, while for the normally exposed rows is Ty, an
example acquisition procedure is as follows:
[0083] Start exposure for all rows of the image sensor
(i.e., for both the underexposed rows and the normally
exposed rows);

[0084] After (T5—T,,) seconds, reset (or discharge) the
odd rows;
[0085] After T,, all the rows are read (i.e., both the

underexposed and normally exposed rows). Two images
are formed with half resolution; and

[0086] The underexposed image is interpolated to full
resolution.
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[0087] Anexample choiceis to have T,~kT,, wherekis an
integer scalar. This means that the normal exposure time is a
multiple of the short exposure time. Such constraint may be
met, e.g., if the exposure time is reduced by an amount of Ev
(or Fstop) values. For instance, an under-exposure with one
(1) Fstop implies T,., T, This constraint has at least the
following benefits:

[0088] Using the same sampling frequency, all the loca-
tions (from the image sensor) can be read synchro-
nously;

[0089] When all the operations are pixel-wise (or use
only pixels from two consecutive rows), there is no need
for an extra image buffer. The resulting image is built in
real-time, while reading. The interpolation operation is
performed locally.

[0090] An advantage of this split-sensor acquisition
embodiment is that the two images are spatially aligned (inso-
far as is possible given the constraint that one image is
blurred) and hence pixel-wise (for each location indepen-
dently) operations are possible without a need to acquire and
align the entire images.

[0091] A further advantage is that the acquisition of the two
images can handled by two independent data busses, enabling
the two images to be obtained with a close temporal overlap.

Image Mixing

[0092] This offers an alternative approach to the combina-
tion of the two images using a single pass adaptive filter. In
one example, a process may involve the following two steps:
[0093] The first step is about combining the underexposed
image F and the blurred image G, by some point-wise ampli-
fication algorithm to produce an image, called F,,,,, and
which has a luminance and color levels at least very close to
the ones present in the blurred image G. The resulting image
F,,, has reasonable, but not perfect, luminance and color
levels. Because the amplification is performed on each pixel
independently, the amplified image will have the same reso-
Iution as the under-exposed image, which is the desired reso-
lution.
[0094] As a second step, the final image, F,,, may be com-
puted as a linear combination (implemented independently
on each pixel) between the blurred image, G, and the ampli-
fied image F . An example solution to perform this operation
is:

[0095] Use the YUV plane for performing the calculus;

[0096] A luminance of the output image may be

expressed as:

VF =09 ¥Y(F ,, 1+0.1¥¥(G);

[0097] A color difference plane of the output image may
be expressed as:

U(F,,)=03*U(F,,, +0.7*U(G), ()

V(EF ,)=0.3*V(F 4, FO.T*V(G). (ii)

[0098] The system of the fourth embodiment may be
applied to other fields of image processing. For example,
improved Dynamic Range Compression (DRC) may be
achieved using a pair of symmetrical, synchronized sensors.
In this embodiment, one of the pair of symmetrical, synchro-
nized sensors may be used to expose correctly, while the other
is used to capture over-exposed images, or under-exposed
images. The dark areas, or light areas, can be improved dras-
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tically, e.g., in terms of increased sharpness, color balance,
and/or white balance, and/or reduced blurriness.

[0099] Inanother example, hand motion compensation and
low lighting video/still image enhancement can be improved.
In this example, one normally exposed image and another
under-exposed image (e.g., half-exposed, one-third exposed,
one-quarter exposed, one-fifth exposed, or less). Adaptive
filtering may be used to combine the images.

[0100] In a further embodiment, a third dimension may be
added to an image. This feature can be used in an enhanced
face recognition technique, or to render, process, store, trans-
mit or display an improved 3D representation.

[0101] In another embodiment, improved face tracking is
performed. In this case, two face detections are performed on
two different image streams. One detection may be over-
exposed (or under-exposed), and the other may be normally
exposed. In this case, e.g., back-lit objects and other difficult
lighting conditions can be advantageously handled more effi-
ciently and effectively and with improved results.

[0102] In another embodiment, red eye detection and cor-
rection is improved using a still image version of the dual
frame pipeline embodiment. There can appear color exact
shifts between pictures obtained by two such sensors. That
can provide an advantageous verification filter, e.g., to con-
firm that detected red pixels are indeed red eye artifacts.
[0103] In a further embodiment, foreground/background
separation techniques can be enhanced using a dual frame
pipeline. For example, one sensor may capture a focused
image, while the other is used to capture an at least slightly
de-focused image. Advantageous separation between back-
ground and foreground can be thereby achieved allowing for
the creation of high quality portraits with inexpensive and/or
relatively simple optics.

[0104] Inanother example, one sensor may be used to cap-
ture IR images or images that include an IR component. Such
sensor can be provided by removing an IR filter of certain
sensors and/or adding a visible light filter. Such IR sensor
would be advantageous in performing image processing and
image capture in lowlight conditions, and in a still image
embodiment for performing red eye detection and correction.
[0105] Other examples include noise reduction and/or pro-
cesses involving capturing non-scene shot images to be fur-
ther used as additional camera features. For example, an eye
iris analysis tool may be embedded in a digital cameras that
has an eyepiece viewfinder. The image of the iris looking
through the eyepiece may be captured by the camera CCD, or
an additional CCD, after being diverted by one or more
optics. The image of the iris may be analyzed and used for
biometric user identification (camera lock, digital picture
watermarking), inferring lighting conditions, detecting user
fatigue, and/or detecting certain symptoms of a medical con-
dition of a user.

[0106] A low-resolution camera looking back at a user’s
face may be embedded in a digital camera. The image of the
user’s face may be captured by the camera CCD, or an addi-
tional CCD, after being acquired and processed by one or
more optics. This can be used for face identification for cam-
era usage protection, IP protection for digital pictures, and/or
analysis of user emotions based on the face and/or as feed-
back of the user emotions into the captured image itself.
[0107] Inanother embodiment that is particularly advanta-
geous for lowlight conditions, a reduced frame rate may
sometimes be used in order to increase the exposure duration
to gather more light. If multiple sensors are used, e.g., two
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(although three or more may be used), then a faster frame rate
will result in sharper images. For example, even frames may
be acquired with one sensor, and odd frames with another
sensor (or for three sensors, every third frame is acquired with
each of the three sensors, or for four sensors, etc).

[0108] The sensors will generally have the same exposure
(e.g., for two sensors, the time T may be about twice the frame
rate), but one sensor will start acquiring image data at t=0, and
the second sensor will start at t=T/2.

[0109] Alternative to the previous embodiment that is par-
ticularly advantageous for lowlight conditions, instead of or
in addition to increasing (or decreasing) exposure time, a
larger aperture can be set. While depth of field will be smaller
such that a subject with background would be defocused, the
frame rate can be advantageously higher than the example of
increasing the exposure time. With dual sensors and optical
elements, both lenses can be set to large aperture, where one
is focused on the background and the other is on the subject.
The two resulting pictures can be combined, in one high-
frequency picture, where both the subject and background are
in focus (the two images are complementary, where one has
high frequencies the other has low frequencies). So in low-
light, exposure time can be kept short and ISO small, with
fully open aperture, wherein two short DoF images are com-
bined into one with good focus both on subject and back-
ground.

[0110] In a de-noising algorithm, two images can be
acquired with one overexposed and the other normally
exposed. The normally exposed image may be de-noised
using information from the overexposed image. An adaptive
algorithm may be used as a function of illumination of the
pixels, because lower illuminated pixels exhibit greater noise.
[0111] In a further embodiment, a two lens system can be
used in another embodiment as follows. One lens may capture
certain scenery broadly, e.g., a tourist either standing rela-
tively close to a camera with the Egyptian pyramids far away
from the camera and tourist, or the tourist standing further
from the camera and closer to the pyramids and looking very
small. The other lens is used to zoom and focus on the tourist
or other main subject from the scene.

[0112] A single file or multiple files may then store the two
images. The two images can be acquired at the same time with
a system in accordance with the dual image pipeline embodi-
ment, or proximate in time in the single optical system
embodiments. An advantage is that, while having a pan-
oramic image, there will still be excellent detail in the main
part or subject of the scene (e.g., the tourist or more particu-
larly the face of the tourist). In one embodiment, the wide-
angle scene may use a face tracker to determine the location
of'a face or faces in the scene, and the zoom/aperture of the
second imaging system may be adjusted to include people
detected in the captured image. In an alternative embodiment,
both wide-angle and narrow angle images of the scene may be
captured and subsequently combined into one or more com-
posite images. In another embodiment, selective high-quality
compression of a face region may be enabled in a portrait
(e.g., using a zoom lens), with lower-quality compression
applied to the background image (e.g., using a wide-angle
lens).

[0113] Wavefront coding may also be provided. Variable
focus is used for different parts of a lens. Various parts of the
lens capture information relating to different focal points. The
image is decoded according to known defocus variations and
aresulting image has an extended depth of field. CDM Optics
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have studied this technology, and http://www.cdm-optics.
com is incorporated by reference.

[0114] Phase retrieval and/or phase diversity may also be
provided. Two images are captured simultaneously with a
system in accordance with the dual pipeline embodiment.
One image is in focus, and another is defocused by a known
distance. The two images are recombined and the known
defocus distance which distorts the image is used to recon-
struct the image with a greater depth of field. A beam splitter
could also be used to capture the defocused image to apply
phase diversity.

Tone Mapping for Low Light Image Enhancement

[0115] A tone mapping function may be applied by difter-
entiating two images which have identical or approximately
the same spatial content. The difference between the two may
be the intensity of light and of the colors. That is, one is
well-exposed while the other is under-exposed. In accordance
with certain embodiments, the matching may be generally
exact, without any approximation, due to the same raw
images being used to generate mean and sum images with
which the tone mapping is performed.

[0116] Movies taken in low-light conditions, at 30 fps, tend
to result in very dark, under-exposed images that have a very
low contrast. Improving such images implies using tone map-
ping algorithms that, although give a better exposed image,
have many difficulties in restoring the natural colors of the
scene. On the other hand, images taken in the same conditions
at a sufficient exposure time have natural colors and a good
contrast but a poor quality when local or global motion is
present. A tone mapping function may be advantageously
determined in accordance with certain embodiments by dif-
ferentiating two images which have identical or substantially
the same spatial content.

[0117] An advantageous technique works in accordance
with certain embodiments as follows. For a sequence of
under-exposed images, the equivalent blurred but well-ex-
posed image is computed from the sum of the images in RAW
format (Fsum). Fsum=F1+F2+ . .. +FN, where: F1,F2, .. .,
FN, are low light RAW images—The same set of images F1,
F2, ..., FN is available as final (camera processed) images
G1, G2, . .., GN. This is true for the sum image: Fsum-
>Gsum. The G1 images are given in the RGB color space.
[0118] After the in camera processing is done, a mean
image for the sequence of final images is computed: Gmean=
(G1+G2+ ... +GN)/N. The Gmean image has similar expo-
sure and contrast, as well as colors, as the images in the
sequence (G1, G2, ..., GN), but has the exactly same content
as the well-exposed image (Fsum). Both are degraded by the
same motion blur—The underexposed images, G1, G2, . . .,
GN, are improved by a logarithmic tone mapping transfor-
mation which increases contrast and visibility but does not
give the same colors as a good exposure. The tone mapping
transformation may be represented as follows: Hi=f(G1),
where f is a logarithmic tone mapping function.

[0119] A RGB->YUV transformation is applied. Hence
Hi_YUYV are given in the YUV color space.—In the same
manner, Gsum_Y UV is obtained out of Gsum (which came
from the sum of the RAW images, Fsum)—Now the Gsum_
YUV (well-exposed image) are compared with Hmean_YUV
(under-exposed image).—Working on the YUV color space,
the chrominance pairs from the transformed under-exposed
image (Hmean_YUV) are mapped to chrominance pairs (U,
V) computed from the well-exposed image (Gsum_YUV).
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[0120] The pixels that have a certain chrominance pair in
(Hmean_YUV) will be mapped to a chrominance pair com-
puted as the mean of the chrominance pairs of the correspond-
ing pixels in Gsum_YUV.—For each image, Hi_ YUV, in the
sequence, the chrominance pairs of the pixels are replaced by
the corresponding chrominance pair from the maps previ-
ously created. The images can have slightly different chromi-
nance which are not found in the mean image, in which case
these may be replaced by the closest pair of chrominance
(using Euclidian distance) found in the mean image, while the
differences are unnoticeable to the human eye—The YUV-
>RGB transformation is applied and the transformed image
has similar color with the well-exposed image, without being
affected visibly by the motion blur.

[0121] The process may be implemented on a typical digi-
tal camera platform that provides special access to the RAW
images. The computation can be done with a typical CPU or
with dedicated ASIC.

[0122] FIG. 6 schematically illustrates video and/or still
frame enhancement in accordance with certain embodiments.
The n frames of RAW image data 602 are summed 604 to
obtain a RAW sum image 606. A JPG sum image 608 based
on the RAW sum image 606 is also generated. This JPG sum
image 608 contains sufficient chrominance information,
whereas the n frames of RAW image data 602 are based on
“under-exposed” images which have insufficient chromi-
nance information. The under-exposed RAW images are
however sharper than the sum image 608. Put differently, the
sum image tends to have sufficient chrominance information
but is blurry, similar to a well-exposed or otherwise suffi-
ciently exposed image (i.e., having significantly longer expo-
sure than that of the RAW images 602), particularly in com-
parison to the sharp, under-exposed images. In addition,
frame by frame JPG images 610 are generated based on the n
frames of RAW image data 602. A mean 612 is computed of
the JPG images 610 as a mean JPG image 614. Chrominance
variables of pixels of the mean image 614 are mapped to
chrominance variables of pixels of the sum image 608, and
chrominance maps 616 are generated. The frame by frame
JPG images are chrominance mapped 618, and n outframes
620 are obtained as a result.

[0123] This advantageous solution illustrated schemati-
cally in FIG. 6 determines a tone mapping function by difter-
entiating two images which have substantially identical spa-
tial content; the difference between the two is the intensity of
light and color: one is well-exposed while the other is under-
exposed. Because the sum image 608 is based on a sum of the
RAW image 602, compared to being separately acquired
from the RW images 602, the matching is more exact, such
that approximations for alignment and pixel-wise mapping
are less dramatic, reduced or eliminated altogether.

[0124] An advantageous algorithm in accordance with cer-
tain embodiments can combine information from both of the
previously mentioned situations. The following is a non-lim-
iting example. For a sequence of under-exposed images, the
equivalent blurred but well-exposed image is computed from
the sum of the images in RAW format (Fsum). For example,
Fsum=F1+F2+...+FN, where F1,F2, ... FN, are low light
or under-exposed RAW images.

[0125] The same set of images F1, F2, ..., FN is available
as final (camera processed) images G1, G2, . .., GN. This is
true for the sum image: Fsum->Gsum. The G1 images may be
given in the RGB color space in this example.
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[0126] Afterallin camera processingis done, a mean image
for the sequence of final images is computed: Gmean=(G1+
G2+ ... +GN)/N. The Gmean image has similar exposure and
contrast, as well as colors, as the images in the sequence (G1,
G2, ..., GN), but has the same content as the well-exposed
image (Fsum). Both are degraded by the same motion blur.

[0127] The underexposed images, G1, G2, . .., GN, are
improved by a logarithmic tone mapping transformation in
accordance with certain embodiments, which increases con-
trast and visibility but does not give the same colors as a
well-exposed, or sufficient exposed image. The tone mapping
transformation may be characterized as Hi=f(G1), where f
may be a logarithmic tone mapping function, or an alternative
tone or color mapping function.

[0128] A RGB->YUV transformation may be next applied.
Hence Hi-YUV may be given in the YUV color space. In
similar manner, Gsum-YUV may be obtained from Gsum
(which came from the sum of the RAW images, Fsum).

[0129] Now the Gsum-YUYV (well-exposed image) is com-
pared with Hmean-YUV (under-exposed image). Working
within the YUV color space, the chrominance pairs from the
transformed under-exposed image (Hmean-YUV) are
mapped to chrominance pairs (U, V) computed from the
well-exposed image (Gsum-YUV). The pixels that have a
certain chrominance pair in (Hmean-YUV) will be mapped to
a chrominance pair computed as the mean of the chrominance
pairs of the corresponding pixels in Gsum YUV.

[0130] For each image Hi-YUV in the sequence, the
chrominance pairs of the pixels are replaced by the corre-
sponding chrominance pairs from the maps previously cre-
ated. The images can have slightly different chrominance
which are not found in the mean image, in which case these
may be replaced by the closest pair of chrominance (using
Euclidian distance) found in the mean image. These differ-
ences are generally unnoticeable to the human eye.

[0131] The YUV->RGB transformation is now applied.
The transformed image has similar color with the well
exposed image, yet advantageously without being affected
visibly by the motion blur.

[0132] FIGS. 7a-7d illustrate enhancement of a low-light
image in accordance with certain embodiments. FIG. 7a illus-
trates a mean image of the sequence of low-light (under-
exposed) images. An initial, under-exposed image is illus-
trated at FIG. 7b. As shown, the under-exposed (low-light)
image of FIG. 754 is sharp yet fails to have optimum color and
brightness. Corresponding correctly exposed images are
illustrated in FIG. 7¢ showing sufficiently color and bright-
ness, yet being blurry. An example of a final, enhanced image
is shown in FIG. 7d. Clearly, the final image of FIG. 7d is
sharper than the well-exposed or otherwise sufficiently
exposed image of F1G. 7¢, and has improved color and bright-
ness compared with the under-exposed images of FIGS. 7a
and 7b.

[0133] While an exemplary drawings and specific embodi-
ments of the present invention have been described and illus-
trated, it is to be understood that that the scope of the present
invention is not to be limited to the particular embodiments
discussed. Thus, the embodiments shall be regarded as illus-
trative rather than restrictive, and it should be understood that
variations may be made in those embodiments by workers
skilled in the arts without departing from the scope of the
present invention as set forth in the claims that follow and



US 2015/0062387 Al

their structural and functional equivalents. For example, any
of the following alternative features may be combined into
alternative embodiments:

Alternative Embodiments

[0134] A method of combining image data from multiple
frames to enhance one or more parameters of digital image
quality is provided, which uses a processor and at least one
video acquisition system including a lens and an image sen-
sor. The method includes acquiring a first image at a first
exposure duration, as well as acquiring a second image at a
second exposure duration shorter than the first exposure dura-
tion and at a time just before, just after or overlapping in time
with acquiring the first image, such that the first and second
images include approximately a same first scene. In this way,
the second image is relatively sharp and under-exposed, while
the first image is relatively well-exposed and less sharp than
the second image. Brightness and/or color information are
extracted from the first image and applied to the second
image. The brightness and/or color information is/are
extracted from the first image to generate an enhanced version
of the second image enhanced in terms of brightness and/or
color quality. The enhanced version of the second image is
displayed, stored, transmitted, and/or streamed. The digital
images may be video or still images.

[0135] The method may further include applying to one or
more further images the brightness and/or color information
extracted from the first image to generate enhanced versions
of the one or more further images enhanced in terms of
brightness and/or color quality. The one or more further
images may be acquired at or near the second exposure dura-
tion and at a time or times just before or just after, or both, the
acquiring of the second image, such that the one or more
further images include approximately the same scene as the
first and second images.

[0136] The method may also include acquiring a third
image at or near the first exposure duration when a predeter-
mined number of multiple frames has been recorded since the
acquiring of the first image. A fourth image may also be
acquired at or near the second exposure duration and at a time
just before, just after or overlapping in time with the third
image, such that the third and fourth images include approxi-
mately a same second scene different from or same as the first
scene. Brightness and/or color information are extracted from
the third image, and applied to the fourth image to generate an
enhanced version of the fourth image enhanced in terms of
brightness and/or color quality. The enhanced version of the
fourth image is displayed, stored, transmitted, and/or
streamed.

[0137] The method may further include acquiring a third
image at or near the first exposure duration when a predeter-
mined amount of camera movement has been detected since
the acquiring of the first image. A fourth image may be
acquired at or near the second exposure duration and at a time
just before, just after or overlapping in time with the third
image, such that the third and fourth images include approxi-
mately a same second scene different from the first scene due
at least to the camera movement. Brightness and/or color are
extracted from the third image, and applied to the fourth
image to generate an enhanced version of the fourth image
enhanced in terms of brightness and/or color quality. The
enhanced version of the fourth image is displayed, stored,
transmitted, and/or streamed.
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[0138] The method may also include acquiring a third
image at or near the first exposure duration including com-
bining some of the data from the first image with some or all
of the data from the second image. A fourth image may be
acquired at or near the second exposure duration and at a time
just before, just after or overlapping in time with the third
image, such that the third and fourth images include approxi-
mately the same first scene. Brightness and/or color informa-
tion are extracted from the third image and applied to the
fourth image to generate an enhanced version of the fourth
image enhanced in terms of brightness and/or color quality.
The enhanced version of the fourth image is displayed, stored,
transmitted, and/or streamed within a video or still image
sequence. The method may include repeatedly iterating the
method as the scene evolves with time and/or camera move-
ment.

[0139] The method may include iteratively alternating
acquisition of well-exposed and sharp, under-exposed
images; extracting brightness and/or color information from
the well-exposed images; and applying to the sharp, under-
exposed images the brightness or color information, or both,
extracted from the well-exposed images to generate enhanced
versions of the sharp, under-exposed images enhanced in
terms of brightness or color quality, or both; and displaying,
storing, transmitting, or streaming the enhanced versions of
the sharp, under-exposed images.

[0140] The method may also include iteratively performing
the following:

[0141] acquiring two sharp, under-exposed frames and a
well-exposed frame;

[0142] extracting brightness and/or color information
from the well-exposed frame;

[0143] applying to each pair of sharp, under exposed
images respectively captured immediately before and
immediately after the acquiring of each well-exposed
frame the brightness and/or color information extracted
from the well-exposed frame to generate enhanced ver-
sions of each

[0144] of the pair of sharp, under-exposed images
enhanced in terms of brightness and/or color quality;
and

[0145] displaying, storing, transmitting, or streaming the

enhanced versions of the pair of sharp, under-exposed

images.
[0146] The method may utilize separate image acquisition
subsystems (IAS’s) for acquiring the first and second images.
The separate IAS’s may include first and second IAS’s,
wherein the first IAS is configured to acquire images at a
faster frame rate than the second IAS. The first IAS may be
specially configured to capture relatively sharp, under-ex-
posed images and the second IAS may be specially config-
ured to capture well-exposed and less sharp images. The first
IAS may have a fixed frame rate. The second IAS may have a
variable frame rate configured for capturing optimally-ex-
posed images under different lighting conditions. The method
may include acquiring both the first and second images with
a same lens as optical input, and splitting the optical input
between first and second image sensors. The method may
alternatively include acquiring the first and second images,
respectively, with a first lens/sensor combination and a sec-
ond lens/sensor combination. In this alternative, parallax cor-
rection may be applied.
[0147] In accordance with another embodiment, an image
processing apparatus is arranged to process a first underex-
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posed and sharp image of a scene, and a second image rela-
tively well exposed and blurred compared to said first image,
nominally of the same scene. The first and second images are
derived from a same image source or from respective image
sources in this embodiment. An adaptive filter may be
arranged to scan across the first and second images to provide
a portion of the first image as an input signal to the adaptive
filter. A corresponding portion of the second image may be
provided as a desired signal to the adaptive filter. Filter coef-
ficients may be calculated for this portion of the images based
on a comparison of the input signal and a function of the
desired signal and existing filter coefficients. The adaptive
filter may be arranged to produce an output signal from the
input signal based on the filter coefficients. An image genera-
tor may be arranged to construct a first filtered image from the
output signal, relatively less blurred than the second image.

[0148] The first and second images may be in RGB format
and the image portions may include a respective color plane
of the first and second images. Each color plane of the first
filtered image may be constructed from a combination of the
filter coefficients and the input signal color plane information.
[0149] The first and second images may be in YCC format
and wherein the image portions may include a respective Y
plane of the first and second images. The constructing of the
first filtered image may involve use of the output signal asa’Y
plane of the first filtered image and Cb and Cr planes of the
input image may be used as the Cb and Cr planes of the first
filtered image.

[0150] A portion of the first filtered image may be provided
as the input signal to an adaptive filter. A corresponding
portion of the second image may be provided as a desired
signal to the adaptive filter. The technique may further include
adaptively filtering the input signal to produce a further out-
put signal. A further filtered image may be constructed from
the further output signal less blurred than the first filtered
image.

[0151] The first and second images may be in RGB format
and, for producing the first filtered image, the image portions
may include a respective color plane of the first and second
images. The providing of a portion of the first filtered image
may include converting the first filtered image to Y CC format.
The second image may be converted to YCC format, the
image portions for further adaptive filtering may include a
respective Y plane of the converted images.

[0152] The first and second images may be in YCC format
and, for producing the first filtered image, the image portions
may include a respective Y plane of the first and second
images. The providing of a portion of the first filtered image
may include converting the first filtered image to RGB for-
mat. The second image may be converted to RGB format, and
the image portions for further adaptive filtering may include
a respective color plane of the converted images.

[0153] The image source for the second image may be of a
relatively higher resolution than the image source for the first
image. The first image source may be aligned and interpo-
lated to match the alignment and resolution of the second
image source. A point spread function, PSF, may be estimated
for the second image. The second image may be de-blurred
with the point spread function. The de-blurring may be per-
formed in response to the PSF being less than a pre-deter-
mined threshold.

[0154] The image source for the second image may be of a
relatively lower resolution than the image source for the first
image. The second source may be aligned and interpolated to
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match the alignment and resolution of the first source. It may
be determined that the first and second sources are misaligned
by more than a pre-determined threshold, and the desired
signal may be provided from a linear combination of the first
and second image sources. Responsive to determining that
the first and second sources are misaligned by more than a
pre-determined threshold, the desired signal may be provided
from a combination of phase values from one of the first and
second image sources and amplitude values for the other of
the first and second image sources.

[0155] The adaptive filtering may be performed row-wise
and/or column-wise on the input signal.

[0156] The luminance characteristics of the under exposed
image may be amplified prior to the adaptive filtering.

[0157] Noise filtering may be performed on the first filtered
image. Color correction may be applied to the first filtered
image and/or the noise filtered image.

[0158] The first image may be one of an image acquired
soon before or after the second image, or temporally overlap-
ping the second image.

[0159] A technique in accordance with certain embodi-
ments may involve acquiring a first partially exposed image
from an image sensor, acquiring a second further exposed
image from the image sensor, subsequently resetting the
image sensor. The first image may be obtained by subtracting
the first partially exposed image from the second further
exposed image. The second image may be obtained from the
image sensor according to certain embodiments immediately
prior to the resetting.

[0160] In another alternative embodiment, a color filter
enhancement method for a portable digital image acquisition
device uses optics, a color sensor array and a processor to
acquire and process digital images. A first relatively under-
exposed and sharp image of a scene (“sharp image”) is
obtained by exposing a first set of pixels of the sensor array. A
second relatively well exposed and blurred image of the same
scene (“blurred image”) is acquired by exposing a second set
of pixels of the sensor array for a longer duration than the
sharp image. The second set of pixels in accordance with
certain embodiments interleaves the first set of pixels. Color
and/or luminance information may be applied from the
blurred image to the sharp image, thereby constructing a
color-enhanced and/or luminance-enhanced version of the
sharp image.

[0161] The obtaining of the blurred image may include
digitally exposing color pixels of the sensor array for a first
digital exposure duration. The obtaining the sharp image may
include digitally exposing white pixels of the sensor array for
a second digital exposure time shorter than the first digital
exposure duration. The constructing of the color-enhanced
and/or luminance-enhanced version of the sharp image may
include using data from both the color pixels exposed for the
first digital exposure duration and the white pixels exposed
for the second digital exposure duration. The digitally expos-
ing of the color pixels and the white pixels for different
exposure times may include clocking the color pixels and the
white pixels independently. The digitally-exposing of the
color pixels and the white pixels for different exposure times
may involve sensor data acquired over different and/or over-
lapping temporal ranges, e.g., a first temporal range corre-
sponding to the digitally-exposing of the color pixels may
include an entire second temporal range corresponding to the
digitally-exposing of the white pixels.
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[0162] The color pixels may exhibit greater motion blur-
ring effect than the white pixels due to the color pixels being
digitally-exposed for a longer duration than the white pixels.
The technique may involve compensating blurring in the
color pixels using less-blurred data from the white pixels.
[0163] Incertain embodiments the second digital exposure
time may include not more than half of the first digital expo-
sure time, or approximately a third of the first digital exposure
time.

[0164] The color sensor array may include a CMOS-based
sensor.
[0165] The technique may involve transmitting, storing

and/or displaying the color-enhanced and/or luminance-en-
hanced version of the sharp image, and/or a further processed
version.
[0166] In addition, in methods that may be performed
according to preferred and alternative embodiments and
claims herein, the operations have been described in selected
typographical sequences. However, the sequences have been
selected and so ordered for typographical convenience and
are not intended to imply any particular order for performing
the operations, unless a particular ordering is expressly indi-
cated as being required or is understood by those skilled in the
art as being necessary.
[0167] Many references have been cited above herein, and
in addition to that which is described as background, the
invention summary, brief description of the drawings, the
drawings and the abstract, these references are hereby incor-
porated by reference into the detailed description of the pre-
ferred embodiments, as disclosing alternative embodiments
of elements or features of the preferred embodiments not
otherwise set forth in detail above.
[0168] A single one or a combination of two or more of
these references may be consulted to obtain a variation of the
preferred embodiments described in the detailed description
above. In addition, the following are incorporated by refer-
ence, particularly for this purpose: U.S. Pat. Nos. 7,336,821,
7,369,712, 7,315,630, 7,316,631, 7,403,643, and 7,460,695,
and US Patent Published Application nos. 2009/0303342,
2005/0041121, 2008/0043121, 2006/0204034, 2005/
0068452, 2006/0120599, 2006/0098237, 2006/0039690,
2007/0147820, 2007/0189748, 2009/0003652, published
PCT application nos. W02007/142621, and WO2008/
017343, U.S. patent application Ser. Nos. 11/573,713,
12/042,335, and 10/764,339, 12/042,104, 12/330,719,
11/856,721, 12/026,484, 11/861,854, 12/354,707, and
12/336,416. In addition, US published applications nos.
2003/0169818, 2003/0193699, 2005/0041123, 2006/
0170786, and 2007/0025714 are incorporated by reference,
particularly as disclosing alternative embodiments relating to
still image cameras and/or the fourth embodiment “Dual
image Acquisition Pipeline”.

What is claimed is:

1. An image acquisition and processing device, compris-
ing:

an image acquisition unit configured to:

acquire a plurality of sharp images of a scene; and
acquire a blurred image nominally of the same scene;
an image combining unit configured to:

generate a first combined image based, at least in part, on
afirst sharp image, from the plurality of sharp images,
and color information of the blurred image; and
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generate a second combined image based, at least in
part, on a second sharp image, from the plurality of
sharp images, and the first combined image;

wherein the first sharp image is different than the second
sharp image; and

an image display unit configured to:

display the second combined image.

2. The image acquisition and processing device of claim 1,

wherein the first combined image is generated using also

luminance information of the blurred image;

wherein the first combined image and a second combined

image are color-enhanced and a luminance-enhanced
versions of the first sharp image; and

wherein the second combined image appears less blurred

than the blurred image.

3. The image acquisition and processing device of claim 1,

wherein pixels of the blurred image exhibit a greater

motion blurring effect than pixels of the sharp image.

4. The image acquisition and processing device of claim 1,
wherein the blurred image is acquired by digitally exposing
pixels of a sensor array for an exposure time that is longer than
respective exposure times during which each image of the
plurality of sharp images is acquired.

5. The image acquisition and processing device of claim 1,
wherein the blurred image nominally of the same scene is
overexposed.

6. The image acquisition and processing device of claim 1,

wherein each image of the plurality of sharp images is

represented in an RGB format; and

wherein the blurred image is represented in the RGB for-

mat.

7. The image acquisition and processing device of claim 1,

wherein each image of the plurality of sharp images is

represented in an YCC format; and

wherein the blurred image is represented in the YCC for-

mat.

8. An image processing method comprising:

acquiring a plurality of sharp images of a scene;

acquiring a blurred image nominally of the same scene;

generating a first combined image based, at least in part, on
a first sharp image, from the plurality of sharp images,
and color information of the blurred image;

generating a second combined image based, at least in part,

on a second sharp image, from the plurality of sharp
images, and the first combined image;

wherein the first sharp image is different than the second

sharp image; and

displaying the second combined image;

wherein the method is performed using one or more com-

puting devices.

9. The image processing method of claim 8,

wherein the first combined image is generated using also

luminance information of the blurred image;

wherein the first combined image and a second combined

image are color-enhanced and a luminance-enhanced
versions of the first sharp image; and

wherein the second combined image appears less blurred

than the blurred image.

10. The image processing method of claim 8,

wherein pixels of the blurred image exhibit a greater

motion blurring effect than pixels of the sharp image.

11. The image processing method of claim 8, wherein the
blurred image is acquired by digitally exposing pixels of a
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sensor array for an exposure time that is longer than respec-
tive exposure times during which each image of the plurality
of sharp images is acquired.

12. The image processing method of claim 8, wherein the
blurred image nominally of the same scene is overexposed.

13. The image processing method of claim 8,

wherein each image of the plurality of sharp images is

represented in an RGB format; and

wherein the blurred image is represented in the RGB for-

mat.

14. The image processing method of claim 8,

wherein each image of the plurality of sharp images is

represented in an YCC format; and

wherein the blurred image is represented in the YCC for-

mat.

15. A non-transitory computer-readable storage medium
storing one or more instructions which, when performed by
one or more processors, cause the processors to perform:

acquiring a plurality of sharp images of a scene;

acquiring a blurred image nominally of the same scene;

generating a first combined image based, at least in part, on
a first sharp image, from the plurality of sharp images,
and color information of the blurred image;

generating a second combined image based, at least in part,

on a second sharp image, from the plurality of sharp
images, and the first combined image;

wherein the first sharp image is different than the second

sharp image; and

displaying the second combined image.
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16. The non-transitory computer-readable storage medium
of claim 15,

wherein the first combined image is generated using also

luminance information of the blurred image;

wherein the first combined image and a second combined

image are color-enhanced and a luminance-enhanced
versions of the first sharp image; and

wherein the second combined image appears less blurred

than the blurred image.

17. The non-transitory computer-readable storage medium
of claim 15,

wherein pixels of the blurred image exhibit a greater

motion blurring effect than pixels of the sharp image.

18. The non-transitory computer-readable storage medium
of claim 15, wherein the blurred image is acquired by digi-
tally exposing pixels of a sensor array for an exposure time
that is longer than respective exposure times during which
each image of the plurality of sharp images is acquired.

19. The non-transitory computer-readable storage medium
of claim 15, wherein the blurred image nominally of the same
scene is overexposed.

20. The non-transitory computer-readable storage medium
of claim 15,

wherein each image of the plurality of sharp images is

represented in an YCC format; and

wherein the blurred image is represented in the YCC for-

mat.



